Abstract: 4,6-Diazido-N-(2,4,6-trinitrophenyl)-1,3,5-triazin-2-amine (TNADAzT) and its silver salt (AgTNADAzT) were prepared and characterized. Elemental analysis, FTIR, NMR, DSC, AAS and X-ray diffraction were used for analytical characterization. The sensitivities of TNADAzT and AgTNADAzT were determined and compared with common explosives and MTX-1. The crystal density of TNADAzT is 1.794 g·cm −3 and its heat of formation 899 kJ·mol −1 . The sensitivity of TNADAzT to impact and friction slightly exceeds PETN; the sensitivity to electrostatic discharge is lower than RDX. The sensitivity of AgTNADAzT is on the level of a primary explosives (between mercury fulminate and PETN). The initiation efficiency of AgTNADAzT is higher than 200 mg (acceptor PETN compressed by 64-70 MPa) and therefore excludes it from practical use as a primary explosive in detonators.
Introduction
Molecules based on the triazine ring and containing two or three azido groups are among the powerful explosives that have, surprisingly, only been published a short time ago (an exception being cyanuric triazide). Cyanuric triazide has been known for more than one hundred years (probably first reported by Finger 
Synthesis

Synthesis of TNADAzT
4,6-Dichloro-N-phenyl-1,3,5-triazin-2-amine was synthesized according to the Pirkl and Fisar procedure [14] . The yield was 94% with m.p. 135-136 °C (136-137 °C [14] ): 3367m (NH), 1603m, 1567w, 1533s, 1514vs, 1495vs, 1484vs, 1454s, 1385s, 1334m, 1316m, 1242s, 1216vs, 1169s, 1157w, 1108w, 1082w, 1037w, 1014s, 996w, 961m, 907m, 886w, 869m, 836w, 823m, 789vs (triazine ring), 752vs, 708m, 689s, 650m, 631w, 619m, 602s, 551w.
4,6-Diazido-N-phenyl-1,3,5-triazin-2-amine was synthesized according to the procedure of Azev et al. [15] . The yield was 10.1 g (95%). The resulting white precipitate changed colour to brown when exposed to air and light. Elemental analysis: Calc. for C 9 H 6 N 10 : C 42.52, H 2.38, N 55.10%. Found: C 42.18, H 2.53, N 54.98%. IR (ATR, cm −1 ): 3327m (NH), 2169m (N 3 as ), 2127m (N 3 as ), 1622s, 1582s, 1558s, 1500s, 1411s, 1373s, 1348vs, 1264m, 1182w, 1166m, 1161m, 1054w, 973w, 922w, 895w, 796s (triazine ring), 744s, 704w, 688m, 617w.
TNADAzT was synthesized according to Yan et al. [13] . The yield of the raw product was 3.5 g (47%). Elemental analysis: Calc. for C 9 
Synthesis of AgTNADAzT
Sodium hydroxide (0.04 g, 1.0 mmol) was dissolved in hot methanol and this solution was added to a suspension of TNADAzT (0.39 g, 1.0 mmol) in methanol (30 mL). The reaction mixture was stirred for 10 min when TNADAzT became completely dissolved to form a clear orange coloured solution. An aqueous solution of silver(I) nitrate(V) (0.19 g, 1.1 mmol) was then added to the reaction mixture and a yellow precipitate formed. The reaction mixture was stirred for an additional 45 min. The methanol was evaporated and the dark yellow product was filtered off, washed with water and dried at room temperature. The yield of the product was 0.44 g (89% theoret. 
Characterization of comparable explosives
Mercury fulminate (MF), pentrit (PETN) and hexogen (RDX) were used as standard explosives for comparison with the sensitivities of TNADAzT and AgTNADAzT. The sensitivities of TNADAzT and AgTNADAzT were also compared with those of MTX-1 (1-[(2E)-3-(1H-tetrazol-5-yl)triaz-2-en-1-ylidene]methanediamine), a recently synthesized primary explosive, which was suggested as a tetrazene replacement, possessing higher thermal and hydrolytic stability than tetrazene [16, 17] .
The brown modification of MF was prepared according to a common procedure [18] , PETN with the trade name "Pentrit NS" (with particles less than 200 µm) was provided by Explosia a.s. and RDX was provided by Chemko Strazke. MTX-1 was prepared in 62% yield according to the Fronabarger procedure [16, 17] 
Chemical analysis
Elemental analysis was measured using a FLASH 2000 apparatus from Thermo Scientific with an HCNS Analyzer. Nicotinamide (for samples having a nitrogen content up to 25%) and melamine (for substance having a nitrogen content up to 66%) were used as standards.
The shape and size of the crystals was visualized by scanning electron microscopy (Jeol JSM 5500 LV). A histogram was determined using optical microscopy (Olympus BX 60) after spin-coating of a water-colloidal solution onto an HCl-etched microscope slide. The diameter of the crystals was determined according to the procedure described in [19] for the number of particles > 200 µm, employing SW Gwyddion version 2.25 [20] .
Differential scanning calorimetry was performed using DSC Netzsch 200F3. Aluminum pans, with a pin-hole cover, in a dynamic nitrogen atmosphere (flow rate 40 mL/min) at a pressure of 0.1 MPa, were used. The heating rate was 5 °C·min −1 and the sample mass was 2 mg. The heat of combustion was measured with an MS-10A (OZM Research s.r.o.) calorimeter calibrated using benzoic acid. The barrel was filled with oxygen at 20 bar. The measurement was repeated three times. The weight of each sample for analysis was about 0.3 g. The internal surface of the calorimeter bomb was washed with distilled water after the combustion of each sample for the determination of nitric acid in the combustion products. The washing water was then titrated with a 0.03 M aqueous solution of sodium carbonate, with indicator phenolphthalein. The heat of formation was calculated according to Hess' law.
The infrared spectra were obtained using a Protégé 460 apparatus. OMNIC software (Thermo Electron Corporation) was used for both data acquisition and evaluation. ATR crystal was used for measuring of all samples. N-HMBC) were performed using the manufacturer's software (TOPSPIN 2.1).
Crystals of TNADAzT suitable for X-ray crystallographic analysis were obtained via solvent evaporation from two solvent systems (acetonitrile/water (1:1) and acetone). The X-ray data for the colourless crystals of TNADAzT were obtained at 150 K using an Oxford Cryostream low-temperature device on a Nonius KappaCCD diffractometer with Mo/K α radiation (λ = 0.071073 nm), a graphite monochromator, and the ϕ and χ scan mode. Data reductions were performed with DENZO-SMN [21] . Absorption was corrected by integration methods [22] . The structures were solved by direct methods (Sir92) [23] and refined by full matrix least-square based on F 2 (SHELXL97) [24] . Hydrogen atoms were mostly localized on a difference Fourier map, however, to ensure the uniformity of the treatment of the crystal, all hydrogens were recalculated into idealized positions (riding model) and temperature factors H iso (H) = 1.2 U eq (pivot atom) were assigned with C−H bonds = 0.93 Å for aromatic hydrogen atoms, and 0. .
½ for all data.
Explosive properties
A Kast fall hammer (produced by Reichel and Partner) was used for determining the impact sensitivity with a 0.5 kg hammer for AgTNADAzT, MTX-1 and MF, a 1 kg hammer for PETN and TNADAzT and a 2 kg hammer for RDX. Both cylinders (BFH-SR) and guide rings (BFH-SC) were produced by OZM Research. Five levels of impact energy and 15 trials at each level were used for each measured explosive. Probit analysis was used for measuring and construction of the sensitivity curves for all samples. Sensitivity to friction was determined using a BAM type friction apparatus FSKM-08 (OZM Research) for TNADAzT, PETN and RDX samples. AgTNADAzT, MTX-1 and MF were measured on the small BAM friction apparatus FSKM-PEx (OZM Research). Porcelain plates (BFST-Pt) and porcelain pegs (BFST-Pn) were produced by OZM Research. Five levels of friction force and 15 trials at each level were used for each measured sample. Measuring details were the same as in a previous study [18] .
The apparatus ESZ KTTV 2001 (developed by the Institute of Energetic Materials, Czech Republic) was used for determining the sensitivity to electrostatic discharge of all compounds [25] . The oscillating discharge mode was used for the measurements. The sample volume was 8 mm 3 and the distance between the steel electrodes 1 mm. For measuring and calculation of the sensitivity of all samples, the up and down method (30 repetitions on each sample) was used.
The initiation efficiency of AgTNADAzT was determined using the commonly constructed electric detonators that are produced by Austin Detonator s.r.o. A single detonator arrangement was used for all tests. AgTNADAzT was separately loaded into the instantaneous element using three quantities (50 mg, 100 mg and 200 mg) and each was covered by PETN (30-35 mg). Both were pressed down with 56-69 MPa. A secondary charge was created by using PETN (0.36-0.38 g) pressed down with 64-70 MPa into the aluminum shell, followed by a similar quantity of PETN pressed down in the same way on top of the original amount. Electric instantaneous detonators were coupled together with an electric fuse. The same procedure was used for fabrication of detonators with dextrinated lead azide (10 mg), used as a primary explosive. Detonators with dextrinated lead azide were used for comparing the initiation efficiency of AgTNADAzT. Correct functioning of the electric instantaneous detonators containing AgTNADAzT and dextrinated lead azide was verified by a witness lead plate. Each detonator was clamped vertically to the lead plate (40 × 40 mm and 5 mm thick) and initiated. TNADAzT forms free-flowing crystals with an elongated hexagonal shape. The two major crystal characteristics were measured i.e. length and width of each particle (Figure 1) . The typical width of the analyzed particles was 25-40 µm, with an aspect ratio (length-to-width ratio) of 1.4-1.8 (see black and gray columns on histogram in Figure 2 for width and length to width ratio). The purity of the samples was determined using elemental analysis. The results of C, H, N, Cl and Ag analysis of the intermediates and of the final product agreed satisfactorily with the calculated values. The presence of typical functional groups in the TNADAzT molecule was confirmed by infrared analysis. One medium strength band at 3311 cm −1 is typical for N-H stretching of secondary amines; a medium band at 3108 cm −1 belongs to aromatic C-H stretching and two strong bands at 2180 cm −1 and 2131 cm −1 belong to the asymmetric vibration of azido groups. The strong bands between 1525 cm −1 and 1239 cm −1 may belong to asymmetric and symmetric stretching of the nitro groups and the triazine ring stretching, but it is difficult to decide which belongs to the triazine ring and which to the nitro groups. The medium strength band at 810 cm −1 belongs to the outof-plane bending vibration of the triazine ring. The structure of the TNADAzT molecule was unambiguously confirmed by the X-ray crystallographic study (Section 3.2). TNADAzT's heat of combustion was calculated as 4891 kJ·mol . The silver salt of 4,6-diazido-N-(2,4,6-trinitrophenyl)-1,3,5-triazin-2-amine (AgTNADAzT) was prepared by reaction of TNADAzT with silver nitrate in aqueous methanol (Scheme 2). AgTNADAzT was formed in high yield (89%) due to its low solubility in methanol/water. The composition and structure of the product was determined using elemental analysis, AAS and infrared spectroscopy. The IR spectrum of AgTNADAzT confirmed the loss of the acidic hydrogen on the nitramine group at 3311 cm −1 , thus indicating the formation of the TNADAzT salt.
X-ray crystallographic study of TNADAzT
The details of the crystal structure determination and refinement for the compound studied are given below. The unit cell parameters for all of the types of crystal were determined and gave the same values, which indicated that no polymorphism or inclusion of solvent inside the crystals occurred. The molecular structure is displayed in Figure 3 . The TNADAzT molecule crystallizes in the monoclinic space group P2 1 /c. There is a high number of weak short contacts within this structure, including those of delocalized electron clouds of the azido and nitro groups and both rings, while the standard H-bond for N1-H1... The interplanar angle between the phenyl and triazine rings was 37.98°. All distances and other parameters are in line with literature observed parameters [31] . Selected interatomic distances and angles are summarized in Tables 1 and 2 . H-bond N2 H2 N4 i 3.017(2) 167.7, i is −1/2+x, 1/2−y, 3/2−z and −1/2+x, y, 3/2−z.
NMR
There are two 1 H chemical shifts in TNADAzT: δ = 11.70 (s, 1H, NH) and δ = 9.11 ppm (s, 2H, =CH−). The following Figure 3 in the solid state, except that free rotation around N1-C7 bond must exist in solution, allowing the existence of only three nitrogen resonances for the three nitrogen atoms in the two azide fragments and the equivalency on the NMR time scale of the two nitro groups in the ortho positions, as well as the nitrogen atoms N5 and N7.
Sensitivity of TNADAzT and AgTNADAzT to impact
The sensitivities of TNADAzT and AgTNADAzT to impact was determined on a fall hammer apparatus. MF, MTX-1, PETN and RDX were also measured for comparison with the sensitivity of TNADAzT. The sensitivity curves are presented in Figure 4 ; values for 50% probability of initiation are summarized in Table 3 . The impact sensitivity of TNADAzT slightly exceeds that of PETN, while the sensitivity of its silver salt is on the level of those of MF and MTX-1.
The results for PETN, RDX and MF were comparable with literature values. For example, the sensitivity of MF is mostly reported as being from 0.4 J to 1.2 J [3]; we obtained 0.62 J. PETN is mostly reported as being between 3 J and 4.1 J [3] ; 50% probability of initiation determined in the present study was 3.93 J. 
Sensitivity of TNADAzT and AgTNADAzT to friction
The sensitivity of TNADAzT and AgTNADAzT to friction was determined on a BAM friction apparatus and compared with MF, MTX-1, PETN and RDX. The sensitivity curves are presented in Figure 5 ; values for 50% probability of initiation are summarized in Table 3 . The sensitivity of TNADAzT is higher than the sensitivity of PETN; the sensitivity of AgTNADAzT is between those of MF and PETN. [32] , who used the same type of apparatus. However the methodology of measurement and evaluation was different; we used probit analysis while the values reported by Meyer et al. are values for the smallest load of the peg initiating at least once in six consecutive trials. Therefore we also evaluated the friction force for 17% probability of initiation from the sensitivity curves for all of the measured explosives. This probability of initiation is the closest to the Meyer values (but not exactly the same -the methodology of measuring and evaluation was different). The comparison is presented in Table 3 .
Our values for 17% probability of initiation for MF and PETN correspond with the Meyer values; the result for RDX exhibits a significant divergence.
Sensitivity to electric discharge
The sensitivity of TNADAzT and AgTNADAzT was measured and compared with that of MF, PETN and RDX. The results of the electric spark sensitivity tests are presented in Table 4 . TNADAzT is significantly less sensitive to electric discharge than PETN and RDX; the sensitivity of its silver salt is lower than that of MF and comparable with that of lead azide [3] . 
Initiation efficiency of AgTNADAzT
The initiation efficiency of AgTNADAzT was measured in electric detonators. None of the AgTNADAzT samples, 50 mg, 100 mg and 200 mg pressed at 56-69 MPa, was able to initiate the secondary PETN charge. The weight of 200 mg is the maximal load weight for the instantaneous element. For the comparison we obtained a full-sized hole in the lead witness plate for detonators contained 10 mg of dextrinated lead azide as the primary charge under the same test conditions ( Figure 6 ). The initiation efficiency of the silver salt of TNADAzT is higher than 200 mg, which excludes it from practical use as a primary explosive in detonators. 
Conclusions
TNADAzT was synthesized from cyanuric chloride in a three-step process in a 42% overall yield; AgTNADAzT was prepared from TNADAzT in 89% yield. These compounds were identified by elemental analysis, AAS and FTIR methods. The structure of TNADAzT was examined using single crystal X-ray diffraction. The sensitivity of TNADAzT to mechanical stimuli was examined and compared with well known standard explosives (MF, PETN and RDX), and with the new promising primary explosive MTX-1. TNADAzT was found to be impact and friction sensitive; its impact and friction sensitivity were higher than those of PETN. The sensitivity of AgTNADAzT is on the level of primary explosives. The initiation efficiency of the silver salt of TNADAzT is higher than 200 mg (acceptor PETN compressed by 64-70 MPa), which precludes it as a lead azide replacement.
